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Abstract
Golf is an immensely popular sport, and those who play are always looking to
improve; this has led to a number of studies to analyze the golf swing. Modern technology,
such as optoelectronic motion capture, has increased the level of accuracy and precision
with which the golf swing can be studied. Previous efforts have described primarily the
rotational components of the swing, with limited emphasis on describing non-rotational
body mechanics or determining how mechanics relate to performance.
This work presents the creation, validation, and utility of a new full body
biomechanical model to describe the golf swing. The model used 47 retroreflective markers
to capture swing data with a 12-camera Vicon MX motion capture system. Motion data was
collected at 250Hz, the data was processed, and a 17 segment custom biomechanical model
was constructed in Visual3D (c-motion, Derwood, MD). The Visual3D code used Euler
angles to calculate kinematic data that described the golf swing. This data was then used to
determine the associations between specific swing mechanics and performance outcomes.
Data from 10 subjects was collected in this work. The golf swing was divided by 4
event times—Address, Peak Backswing, Impact, and Follow Through—at which the
kinematics of the swing were analyzed. Validation results indicated excellent agreement
between expected joint angles and joint angles calculated by the Visual3D model
(R = 0.999). Kinematic results compared well with previous studies and indicated that
X-Factor at Peak Backswing = -43 ± 5°, Lead Shoulder Adduction at Peak Backswing = 76 ±
14°, and Lead Knee Flexion at Impact = 10 ± 9°. Additionally, Trunk Rotation at Address
was found to be positively associated with ball carry and clubhead progression at Impact
(p = 0.0497 and p = 0.0209, respectively), X-Factor at Peak Backswing and Impact were
vi

found to be positively associated with clubhead speed at Impact (p = 0.0028 and
p = 0.0013, respectively), and Lead Shoulder Adduction at Peak Backswing and Impact
were found to be positively associated with clubhead speed at Impact (p = 0.0093 and
p = 0.0459, respectively). These results reiterate the significance of rotational mechanics,
such as the X-Factor, in generating powerful swings, as well as introduce the effect of
several new variables that have previously gone unstudied in the golf literature.
The groundwork has been laid for future studies concerning the golf swing. Future
work includes velocity and acceleration analysis of body segments, studying differences in
the swing kinematics of males and females as well as right-handed and left-handed players,
and studying the kinematic changes that occur in the swing when non-driver clubs are used
(i.e. irons and wedges). While the hypotheses and specific aims of this work concern
validation, variables of interest, and performance outcomes, the ultimate goal of this
research is to effect positive change in the golf community. Performance enhancement and
injury prevention remain long-term goals.
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Part 1 – Introduction
Over the last several decades, the popularity of golf has continued to increase
worldwide. A game enjoyed by children, adults, and seniors alike, golf’s emphasis on skill
over strength levels the playing field for participants of all ages. At the crux of the game lies
one of the most difficult techniques to master in all of competitive sports—the golf swing.
The distance, height, spin, and accuracy of the golf shot is determined during a high speed
and mechanically complex motion that takes just over one second to complete. To the
amateur golfer, the process of learning the intricate movements required to perform an
effective swing is a daunting task. However, through practice and appropriate refinement
the swing can eventually be, if not mastered, significantly improved. The results of such
practice and dedication can be seen in the swings (and scores) of players on the PGA and
LPGA Tour, as well as demonstrated by PGA licensed instructors.
Golf is a challenging sport by design. While professionals and amateurs alike try to
improve their game out on the course, researchers aim to conquer golf in the laboratory.
Indeed, there is a body of literature that addresses analysis of the golf swing motion;
however, there is a scarcity of 3D motion analysis studies. As such, the work conducted in
this thesis addressed the need for an in depth look at the golf swing using state of the art
optoelectronic motion capture technology.

1.1 Purpose
The purpose of this work was to create and validate a biomechanical model to describe
the golf swing and use the model to determine the association between body mechanics
and performance. The golf swing is a complex series of motions involving the entire body.
The bulk of the motion involves the rotation of the pelvis and trunk, while a range of
1

auxiliary movements involving the upper and lower extremities serves to completely
define the swing motion. Using high accuracy, high precision motion capture technology,
the present work was an effort to describe the kinematics of the golf swing as well as
elucidate specific body mechanics that affect performance. In doing so, this work addressed
the need for a comprehensive 3D motion analysis study of the golf swing using modern
motion analysis techniques to bolster an understanding of the golf swing.

1.2 Specific Aims and Hypotheses
Primary Aim: To create and validate the biomechanical model for the golf swing.
Secondary Aim: To use the biomechanical model to understand the associations
between golf swing mechanics and performance. The hypotheses associated with this aim
were as follows:
1. The degree of separation between the trunk segment and pelvis segment in the
transverse plane at Peak Backswing, also known as X-Factor, will be positively
associated with Ball Carry and Clubhead Speed at Impact.
2. The degree of Trunk Rotation at Peak Backswing will be positively associated
with Ball Carry and Clubhead Speed at Impact.
3. The degree of Trail Shoulder Abduction at Peak Backswing will be positively
associated with Ball Carry and Clubhead Speed at Impact.
4. The degree of Pelvic Rotation at Impact will be positively associated with
Clubhead Progression at Impact.
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Part 2 – Background
2.1 The Golf Swing
The golf swing is widely considered to be a fluid motion comprised of four distinct
phases: the address, the backswing, the downswing, and the follow through [1, 2]. The
address is a static pre-swing phase that sets up the golfer to successfully perform the
dynamic swing phases of backswing, downswing, and follow through. It is characterized by
standing with the feet shoulder width apart, a slight knee bend of about 20°, the trunk
flexed at 45°, and even distribution of weight between the two feet. This stance brings the
center of gravity closer to the base of support of the golfer (i.e. pelvis, hips, quads) allowing
for increased stability. To ease pelvic rotation during swing, many golfers rotate the lead
foot (foot closest to the flag) 20-30° towards the flag during the address [1].
The backswing serves the purpose of loading the body in preparation for a powerful
downswing. The backswing is initiated when the club is drawn backwards due to a
clockwise torque initiated from both the trail and lead foot. The pelvis rotates and shifts the
weight to the trail foot. The shoulders undergo a complex series of movements; abduction,
flexion, and external rotation of the trail shoulder are paired with adduction, flexion, and
internal rotation of the lead shoulder. The swing limits pelvic rotation and emphasizes
thoracic twist. This loads the muscles around the hips and upper extremities to allow for an
explosive downswing. It has been hypothesized that a greater degree of separation
between the pelvis and trunk, known in the literature as the X-factor, leads to greater
driving distance. However, research concerning the benefits of an increased X-factor has
shown conflicting results [1].
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There is a slight pause at peak backswing to allow for the completion of the
backswing phase before starting the downswing. Neglecting to pause results in a jerky
swing making clubhead control nearly impossible. The downswing is initiated when the
heel of the lead hand pulls down on the club and weight is shifted back to the lead foot [1,
2]. The pelvis slides laterally towards the target and externally rotates towards the fairway.
This is colloquially referred to as “leading with the hips,” and is found in about 75% of
professional golfers. Leading with the hips is the first step in the kinematic sequence of the
golf swing; as the pelvis rotates and slides laterally, the trunk, arms, wrists, and club follow
in a sequential fashion. The arms and clubhead accelerate through the downswing until the
point of wrist uncocking. At this point, the wrists transfer from radial to ulnar deviation,
decelerating the swing. Experienced golfers delay wrist uncocking to limit deceleration
before ball contact [1].
Impact marks the end of the downswing. At impact both the pelvis and trunk are
rotated towards the target, with the pelvis leading the trunk by about 20-25° [1]. The
conclusion of the swing is the follow through, at which point the trunk will have rotated
through a range of 120°, the trail shoulder will be pointing towards the target, and the
hands will be positioned over the head [1]. Cole et al. argued in their review that the large
range of trunk motion places an unusually high amount of stress on the lumbar spine,
leading to the large number of lower back injuries seen in golf today.

2.2 Motion Analysis
The topic of this thesis concerned the creation and validation of a biomechanical
model to describe the golf swing using modern motion analysis techniques. Therefore,
prior to an extensive discussion of the modeling and analysis techniques used for this
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project, a brief overview of motion capture, motion analysis, and biomechanical
modeling—as well as their golf specific applications—is presented.
Motion capture can be approached in several ways. Techniques include
electrogoniometry for instantaneous tracking of joint rotations, accelerometers for indirect
measurements of the angular displacement between limbs, and optoelectronic motion
analysis using passive retroreflective markers or active LED diodes [3]. This work utilizes
optoelectronic motion capture techniques, specifically the use of passive retroreflective
markers that are placed on anatomical landmarks to track skeletal movement. Motion
cameras emit infrared led, and passive retroreflective markers reflect the infrared light
back to the cameras. This allows the movement of the markers to be tracked within a
calibrated space.
Traditionally, optoelectronic motion capture has been used in two disciplines:
medical science and sports biomechanics. In medical science, the most common use is for
clinical gait analysis. This analysis involves the placement of markers on specific
anatomical landmarks and having the patient walk in a calibrated lab area [4]. The markers
are tracked by the camera system and the marker positions are post-processed in software
such as Nexus (Vicon, Los Angeles, CA), Visual3D (c-motion, Derwood, MD), or MatLab
(Mathworks, Natick, MA). The post-processing generates the kinematic and kinetic
parameters used to describe the patient’s gait pattern, providing objective data to assist the
clinician in evaluating the patient.
The same camera systems and post-processing software used for clinical gait
analysis can also be used for analysis of sports biomechanics. Marker sets—the particular
arrangement of the retroreflective markers on the body—for sports biomechanics models
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are often more complex than those for gait models in order to optimize the accuracy and
reliability of data collection for a specified sport. Motion analysis techniques have been
successfully used to study baseball pitching [5, 6, 7], softball pitching [8], volleyball
mechanics [9], and the golf swing [10, 11, 12, 13, 14]. When developing a marker set for a
particular sport, it is important to consider factors such as subject comfort, potential for
marker occlusion, and marker placement feasibility, repeatability, and reliability. In
addition, sports biomechanics is not limited to the study of human biomechanics alone;
interactions between the athlete and their equipment can also be studied. For example,
shaft flex in a golf club can contribute to increased clubhead speed at impact [15]. The
amount of flex in the shaft is determined by swing technique and mechanical properties of
the club, such as stiffness. The relationship between shaft flex and swing mechanics can be
studied using optoelectronic motion analysis.
Although appropriate marker set development, marker placement, and study
protocol are highly important for generating quality data, the true utility of motion capture
is the analysis of the collected data. Typically referred to as post-processing, the techniques
embedded in commercially available systems and employed by experienced biomechanical
experts are derived from the work of researchers who implemented analytical techniques
in their efforts to uncover the kinematic relationships of the human body. The basis of the
techniques stem from the work of Kadaba et al. [3]. In “Measurement of Lower Extremity
Kinematics During Level Walking”, Kadaba et al. presented a sound analytical approach to
processing motion capture data [3]. The approach focuses on creating a constant reference
coordinate system, or lab system, and many local coordinate systems, or segment systems.
Each coordinate system consists of a set of orthogonal axes, X, Y, and Z, which are used to
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generate Euler angles between segments. It is customary to designate the walkway of the
lab as the X-axis, the Z-axis pointing vertically upwards, and the Y-axis orthogonal to both.
Each segment coordinate system references the previous system in a chain that typically
begins at the pelvis and ends at the most distal extremities (i.e. the hands, and feet). The
pelvis often is the primary link to the lab/world, while each subsequent segment
references the adjacent segment (i.e. the hips reference the pelvis system, the knees
reference the hip system, and the ankles reference the knee system). Similarly, the upper
extremities follow the chain from pelvis to trunk to shoulders to elbows to wrists.
Typically, coordinate axes are related through the use of Euler rotation sequences. Each
Euler angle has a corresponding “orthopedic angle.” Orthopedic angles refer to clinical
terms such as flexion, extension, abduction, adduction, internal rotation, and external
rotation [3]. Thus, the Euler angle generated from the knee coordinate system in reference
to the hip coordinate system provides a measure of knee flexion. Figure 1, taken from
Kadaba et al., shows the relationships between coordinate systems of the lower extremities
[3].

Marker
Joint Center

Figure 1: Illustration of local coordinate systems at the pelvis, hips, and knees [3]
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The purpose of the markers (and the reason marker placement is so crucial) is to
create local coordinate systems at each body segment. The markers define local axes at
each of the segments, which are assumed to rotate around a specific joint center. For
example, the joint center of the knee may be defined as the mid-point between the medial
and lateral condyles of the femur. Thus, one marker can be placed on each condyle, creating
an axis of rotation about which the knee flexes. The long axis of the shank may be
designated as a second axis, and the third axis may be computed as the cross product
between the first two [3].
While there are a variety of benefits associated with optoelectronic motion analysis,
it is also important to understand the drawbacks of this technique. In particular, skin
motion artifact presents a problem. This occurs when there is a shift in the skin on top of
which the marker is placed. The skin is not rigidly attached to the skeleton and is capable of
stretching and sliding over the frame of the body. This can cause markers to move away
from the anatomical landmarks on which they were originally placed, causing inaccurate
data. Strategic marker placement can reduce the amount of skin motion artifact, but it
should be noted that skin motion artifact will occur regardless of even the most careful
placement; therefore, minimizing its effects as much as possible will help produce the most
accurate data. Additionally, marker placement must be consistent across subjects. Removal
of landmarks due to surgical intervention and limited access to landmarks due to body
habitus often frustrates consistent marker placement. It is likely that more than one
clinician or researcher will be placing the markers, so it is also important to have
agreement amongst researchers as to where exactly a given marker should go [4]. For
example, if one clinician places a pelvic marker on the anterior superior iliac spine (ASIS)
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and another clinician places the pelvic marker on the iliac crest (two common marker
conventions for the pelvis), then data across subjects will be inconsistent.

2.3 Literature Review
Golf swing analysis has been performed over the last several decades using a variety
of methods to measure and describe the swing. In 1985, one of the first studies to
investigate the kinematics and kinetics of the golf swing was conducted by Neal and Wilson
[16]. They used a double pendulum model to quantify the motions involved in the swing. A
total of six male participants, four professional and two amateur, were filmed using two
Photosonics 1PL high-speed cameras. Only two segments were considered in the analysis,
the left arm and the club. The upper arm, forearm, and wrist were considered to be a single
segment. The coordinate systems of each segment were located at the center of mass of the
segment. Thus, the coordinates of the center of mass of each segment in an inertial
reference frame determined the position of the segment in space. The orientation of each
segment was determined using Euler angles. To obtain the coordinates in 3D, a computer
program developed by Marzan and Karara was used [17]. The program digitized the
coordinates of each segment for each frame and applied a direct linear translation to
determine the 3D coordinates. These coordinates were then used to find the angular
kinematics and kinetics to describe the swing [16].
The results of the study performed by Neal and Wilson showed rapid wrist
uncocking 100-80ms before impact [16]. Additionally, it was shown that peak clubhead
velocity occurs after impact. This finding was similar to reports in previous studies done by
Budney and Bellow [18] and Cooper et al. [19]. Clubhead acceleration peaked before
impact in all three coordinate directions, x, y, and z. Resultant forces at the wrist were
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calculated and compared to another 3D kinematics and kinetics study conducted by
Vaughan [20]. Results from Neal and Wilson indicated that wrist forces at 100ms and 40ms
prior to impact were 90N and 300N, respectively. This agrees well with Vaughan who
measured 110N and 315N, respectively, at the same time points [20]. At impact, the wrist
force results varied substantially between the two studies. Neal and Wilson reported 360N
while Vaughan reported 140N. The difference may be accounted for by the smoothing
technique used by Neal and Wilson. Torque was reported in all three planes throughout the
motion; however, at 100ms prior to impact, it was found that Y and Z torques were
approximately zero [16]. Thus, the resultant torque at this time was only about the x-axis.
This torque was measured to be 65Nm [16]. Vaughan reported a resultant torque of 55Nm
about the x-axis at this time [20]. Torque data suggests that wrist uncocking is associated
with peak torque in the Z direction, which occurs 40ms prior to impact [16]. Later studies
would reveal that delayed wrist-uncocking leads to increased power and is present in the
swings of most professional golfers. The work by Neal and Wilson was one of the first
attempts at modeling the golf swing in 3D, but it lacked the advanced techniques and data
collection tools currently available. Today, 3D data can be collected with much greater
accuracy without the need to extrapolate from 2D coordinates. The following studies are
excellent examples of how motion analysis and 3D modeling has advanced over the past
several decades in the sport of golf.
In a 2011 study, Vena et al. utilized 3D motion analysis to quantify the kinematic
sequence of the golf swing [21]. Vena et al. sought to verify the summation of speeds
principle using instantaneous screw axis (ISA) theory. The summation of speeds principle
states that motion should follow a proximal to distal sequence during the golf swing. This is
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true for other biomechanical actions as well (i.e. swinging a tennis racket or pitching a
baseball). In other words, slower motion of larger segments closer to the center of mass
(i.e. pelvis and thorax) is followed by faster motion of smaller, more distal segments (i.e.
forearms and wrists)[22]. This is extremely important in golf because the kinematic
sequence from pelvis to trunk to arms to club is crucial for generating maximum clubhead
velocity at impact.
Vena et al. defined segment velocity based on instantaneous screw axes of the
pelvis, shoulders, and left arm during the downswing. Instantaneous screw axes can move
in 2D; this is ideal because several joints in the body either rotate about more than one axis
(i.e. the pelvis) or experience translation (i.e. the shoulder). This causes the axis of rotation
to shift in these joints. Instantaneous screw axes can account for this shift and allow for a
more precise calculation of joint velocity and rotation. Any segment motion can thus be
decomposed into two values, a translational velocity along the ISA and a rotational velocity
about the ISA [21].
Vena et al. used an 8-camera high-resolution Motion Analysis (Motion Analysis Inc.,
Santa Rosa, CA) system operating at 400 Hz to collect data [21]. Eighteen retroreflective
markers were used. These markers were placed on bony landmarks on the left leg,
shoulders, pelvis, and left arm, as seen in Figure 2.
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Figure 2: Marker set used by Vena et al. to study segment velocities [21]
The ISA of each segment was computed using a 2D Reuleaux method [21]. Five male
participants with handicaps of 11 or less were required to swing five times. Vena et al.’s
results were presented as the magnitude of angular velocity about segment ISA with
regards to percent downswing. Previous studies involving professional golfers have
determined that angular velocities of the pelvis, shoulders, and arms should peak at about
60, 70, and 75% downswing, respectively [1]. The results of the study by Vena et al. agreed
with these previously published findings in two of the five subjects [22].
The model developed by Vena et al. is a useful coaching tool for diagnosing timing
issues in the downswing. The ability to activate each segment of the body at the
appropriate time in the downswing is important for generating maximum power.
Professional golfers are noted to consistently follow a specific kinematic sequence moving
from the pelvis to the trunk and finally to the arms. A study conducted by Titleist
investigated the differences in kinematic swing performance of professional and amateur
golfers [23]. Cheetham et al. examined 19 amateur and 19 professional golfer’s swings from
the Titleist Performance Institute swing database and analyzed swing differentiation
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between the two groups. Utilizing a 12-sensor electromagnetic Liberty system (Polhemus
Inc., Colchester, VT), the swing data was collected at 240Hz. TPI-3D analysis (Advanced
Motion Measurement Inc., Phoenix, AZ) was used for data analysis. The results of the study
determined that the professionals achieved higher rotational velocities, accelerations, and
decelerations during the downswing compared to amateurs [23]. Professionals also
consistently followed the summation of speeds principle, in which peak rotational
velocities were ordered. The pelvis peaked first, followed by the trunk, arms, and club,
which peaked at impact. The amateur group had a mean arm peak velocity time occurring
earlier than the mean trunk peak velocity time, indicating that amateurs start swinging
harder with their arms during the downswing earlier than professionals do. As a result,
amateurs lose power, control, and accuracy [23]. The ISA model developed by Vena et al.
adequately determined peak rotational velocities during the downswing, making it a
potentially valuable coaching tool for correcting improper timing in the swings of
amateurs.
In a 2005 study conducted by Nesbit et al., the 3D kinematics and kinetics of the golf
swings of 85 participants were analyzed [24]. Nesbit et al. used a full-body computer model
developed through the multibody dynamics software ADAMS (Automated Dynamic
Analysis of Mechanical Systems). This software relies on Lagrangian dynamics to derive the
equations of motion necessary for the model. Backwards differentiation formula
integrators were used to integrate the equations of motion, and the ADAMS post-processor
was used to simulate the motion on a humanoid model. The model was driven by motion
data collected using a multi-camera Motion Analysis System (Motion Analysis, Inc., Santa
Rosa, CA) [24].
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The golfer model created by Nesbit et al. was a 3D humanoid consisting of 15 rigid
segments connected by spherical joints. The ankles, knees, hips, lumbar spine, thoracic
spine, neck, shoulders, and elbows were modeled using the ADAMS software. All joints
were modeled with three angular degrees of freedom except for the knees, elbows, and
wrists, which were modeled with two angular degrees of freedom. Bryant angles were used
to specify motions at the joints [24]. The club was modeled with a shaft composed of 15
rigid sub-segments and a rigid clubhead. Massless 3D beam elements connected the
segments with the appropriate damping characteristics in order to provide flexibility to the
shaft. The club was connected to the golfer via spherical joints placed at the end of the arms
of the humanoid. Hands were not explicitly included; however, the mass and inertia
properties of the hands were combined with those of the club handle in order to
compensate [24].
The kinematic data collected with the motion capture system drove the joints of the
model. The marker set used to collect this kinematic data relied on twenty-three markers
placed on bony landmarks including wrists, forearms, elbows, shoulders, cervical and
lumbar vertebrae, head, hips, knees, mid shank, ankles and feet. Three markers were
placed directly on the club. Each rigid body segment as well as the club had its own local
coordinate system created from three adjacent markers. Markers were placed on the distal
and proximal ends of each segment, taken as marker i and marker i+1, respectively [24]. A
third marker, i+2, was placed between the distal and proximal markers in a non-collinear
position along the segment [24]. The local coordinate system was determined from the
plane created by the three markers. The local z-axis was always coincident with the long
axis of the segment. Subtracting i from i+2 created a temporary axis, Q [24]. To create the

14

local y-axis, Q was crossed with Z. Crossing Y with Z created the local x-axis. All axes are
defined using unit vectors. The local coordinate system can thus be represented in matrix
form:
Xx

Yx

Zx

Xy

Yy

Zy

Xz

Yz

Zz

Eq. 1

Three Bryant angles, α, β, and γ, were defined for each joint and control the motion
of the model. The Bryant angle transformation matrix was represented by:
R11

R12

R13

R21

R22

R23

R31

R32

R33

Eq. 2

Where,
𝑅!! = cos 𝛼 ∗ cos 𝛽

Eq. 3

𝑅!" = cos 𝛼 ∗ sin 𝛽 ∗ sin 𝛾 − sin 𝛼 ∗ cos 𝛾

Eq. 4

𝑅!" = cos 𝛼 ∗ sin 𝛽 ∗ cos 𝛾 − sin 𝛼 ∗ sin 𝛾

Eq. 5

𝑅!" = sin 𝛼 ∗ cos 𝛽

Eq. 6

𝑅!! = sin 𝛼 ∗ sin 𝛽 ∗ sin 𝛾 − cos 𝛼 ∗ cos 𝛾

Eq. 7

𝑅!" = − sin 𝛼 ∗ cos 𝛽

Eq. 8

𝑅!" = − cos 𝛼 ∗ sin 𝛽 ∗ cos 𝛾 − sin 𝛽 ∗ sin 𝛾

Eq. 9

𝑅!" = cos 𝛼 ∗ sin 𝛽 ∗ sin 𝛾 − sin 𝛼 ∗ cos 𝛾

Eq. 10

𝑅!! = cos 𝛼 ∗ cos (𝛽)

Eq. 11

Setting the local coordinate system matrix equal to the Bryant angle transformation
matrix made it possible to solve for α, β, and γ, which were the angles that drove the model.
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Kinematically, the model behaves exactly as the actual golfer behaves. In other words, all
joint angles, velocities, and accelerations are exactly reproducible by the model for any
given test case [24]. As for the internal loads produced during the swing, the model also
proved reliable. Data based on ground reaction forces was collected from force plates. The
ADAMS solver also calculated ground reaction forces that compared well with the force
plate values to within 7% after smoothing [24]. Internal loads, such as those at the knees,
hips, and back, compared well with analytically calculated values; however, it is unknown
how well these values compare with actual internal loads because these were not
measured [24].
The Nesbit model is an excellent example of how motion analysis techniques can be
used to effectively model an action. Through the use of retroreflective markers, it was
possible to define local coordinate systems for each relevant body segment. These
coordinate systems could then be compared to the global coordinate system to ensure that
all body segments move relative to one another in space. The use of Euler angles (or Bryant
angles) to determine joint orientation, velocity, and acceleration proved very useful in this
model. The local coordinate systems were computed from the motion analysis data and
transformation matrices determined the angles describing joint motion over the golf swing
[24]. These angles could be entered into the humanoid model to replicate the swing motion
exactly. Nesbit et al.’s model was also one of the first to implement a flexible club shaft. A
flexible club shaft substantially complicates the model; however, it provides a more
accurate method of modeling the club. Club shaft flexibility is a key component to clubhead
velocity and can account for a significant increase in power when the appropriate flexion is
used [15]. The largest weakness of the model appears to be the fact that it does not have an
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appropriate representation of the hands/wrists. The model used a spherical joint at the
end of the arms to attach the golfer to the club; thus, important kinematics and kinetics at
the golfer/club interface were lost. Future work should focus on improving the wrist model
in order to get a better look at the velocities, accelerations, and forces at the wrist. Despite
this, the model remains one of the most advanced research golf models to date, and was an
excellent reference point for other researchers to use to begin their biomechanical
modeling in golf.
Gulgin et al. conducted a study in 2009 focused on hip velocity as a determinant for
labral injury in golfers [10]. Gulgin et al. recruited 15 healthy, right-handed collegiate
golfers as participants. Eva 7.0 software (Motion Analysis Inc., Santa Rosa, CA) was used for
video and analog data acquisition and analysis. Eight Falcon High Resolution cameras
(Motion Analysis Inc., Santa Rosa, CA) operating at 120Hz tracked each of the 25 retroreflective markers placed on the golfer. The marker set for Gulgin et al.’s study is shown
below in Figure 3.

Figure 3: Marker setup for Gulgin et al.’s study on labral tear injuries in golfers [10]
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Range of motion and angular velocities in all three anatomic planes were calculated
using KinTrak 4.0 software. Segment axes and joint centers were calculated based on the
3D coordinates of the markers. Gulgin et al. defined hip rotation as transverse plane
rotation of the pelvis relative to the femoral segment [10]. Each subject performed 10
swings using identical drivers. A golf ball sized wiffle ball replaced the golf ball in this
study, and swing velocity was determined using Swing Mate (Beltronics, West Chester, OH).
Lead hip internal rotation and trail hip external rotation were determined during the
downswing. On average, the lead hip peak internal rotational velocity reached -227.8°/sec,
and trail hip peak external rotational velocity reached -145.3°/sec [10]. The study
determined that the lead hip undergoes a much greater rotational velocity, potentially
placing the hip at increased risk for labral tears [10].
In 2003, Mitchell et al. conducted a study to understand the range of motion (ROM)
of the shoulder during the golf swing. Mitchell et al. hypothesized that ROM would decrease
with age [12]. Sixty-five right-handed, healthy, injury free male golfers were selected from
a larger pool of 195 subjects who had already participated in a motion analysis study. Each
subject reported a handicap of no more than 20. The subjects were divided into three age
groups: 18-24 years, 25-49 years, and ≥ 50 years. Twenty-six reflective markers were
placed on the body, two on the club, and reflective tape was used on the golf ball (Figure 4).
Three swings were analyzed for each subject based on the quality of the data collected as
well as verbal feedback from the subject [12].
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Figure 4: Marker setup for study of shoulder kinematics during golf swing [12]
Markers were placed bilaterally at the acromion process, lateral epicondyle of the
humerus, and wrists. Three markers defined the pelvis; one for each ASIS and one for the
L5/sacral interface. The analysis looked at vertical elevation (absolute angle between
vector of humerus and vertical trunk vector), horizontal adduction of humerus (motion in
transverse plane of the body), external rotation (lateral rotation of humerus about its long
axis), and shoulder-turn (rotation of shoulders in transverse plane of body) [12]. These
measurements are illustrated in Figure 5:

Figure 5: Definition of shoulder motions by Mitchell et al. [12]
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Results showed a decrease in ROM for all participants in the senior group
throughout the entirety of the golf swing for each variable analyzed; most notably, max
shoulder external rotation was reduced in the senior group (86 ± 19° for college and 48 ±
17° for senior for right shoulder) [12].
Horan et al. conducted a study in 2010 investigating the 3D kinematics of the trunk
and pelvis during the downswing to see if any differences existed between skilled males
and females [11]. Four 14mm markers placed on both ASIS’s and PSIS’s were used for the
pelvis. Four markers were placed on the trunk at the suprasternal notch, xiphoid process,
C7 spinous process, and T10 spinous process [11]. One marker was attached to the
clubhead. A marker was attached to each heel of the golfers shoes from which a local
coordinate system was created (Figure 6). The golf ball was outfitted with retro reflective
tape and hit into a hanging net three meters away [11].

Figure 6: Marker setup for Horan et al.’s study investigating male and female pelvic and
trunk kinematics [11]
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Kinematic data was collected using an 8-camera MX-13 Vicon (Vicon, Los Angeles,
CA) system at 500Hz. Data was only collected for the downswing. Males were shown to
have shorter downswing durations, greater peak clubhead speed, and greater ball speed
than females. Horan also examined the degree of separation between the trunk and pelvis,
known as the X-Factor, during the swing. Horan found no gender differences for X-factor. At
peak backswing males showed greater axial and trunk sway to the right compared to
female golfers. Females had greater values of axial pelvic and trunk rotation at ball contact,
yet males had greater velocity for trunk axial rotation, trunk and pelvic tilt to the right, and
trunk tilt in the posterior direction at ball contact [11]. Peak velocities of pelvic and trunk
posterior and lateral tilt were also greater in males. The trunk was shown to move faster
than the pelvis when taking the magnitude of all directions of motion, which supports the
summation of speeds principle. Horan et al. offered that increased velocities in males are
likely due to increase muscle mass allowing for greater production of force. However,
increased spinal loads may also be present as a result, contributing to greater risk of injury
[11].
A 2007 study by Myers et al. focused on the X-factor. The X-factor is a term
describing the separation between the pelvis and trunk throughout the golf swing, and it is
thought to have a positive correlation with drive distance [13]. An 8-camera Peak Motus
System v.8.2 (Peak Performance Technologies, Inc., Englewood, CO) was used in this study
[13]. Each camera was placed 4m from the golf tee area and data was collected at 200Hz.
The Flight Scope Sim Sensor (EDH, Lim., South Africa) along with AboutGolf (AboutGolf,
Limited, Maumee, OH) software was used to assess ball flight characteristics such as: ball
velocity, vertical launch angle, horizontal launch angle, and carrying distance.
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Retroreflective markers were placed on the sacrum and seventh cervical vertebra as well
as bilaterally on the anterior superior iliac spine, acromion process, and lateral epicondyle
of the humerus. Two markers were also placed on the shaft of the club [13]. The marker
setup can be seen in Figure 7.

Figure 7: Marker setup for Myers et al.’s study of the X-factor [13]
Myers et al. recruited 100 recreational golfers, each of whom took 10 swings with a
driver of their choosing. The five fastest ball velocities for each participant were analyzed.
Study groups were defined by ball velocity resulting in a low ball velocity group, medium
ball velocity group, and high ball velocity group. A moderate positive correlation was
observed between ball velocity and X-Factor at peak backswing, maximum X-Factor,
maximum trunk rotational velocity, trunk rotation at lead arm parallel and 40ms before
impact, and maximum X-Factor velocity (rate at which the X-Factor is changing) at lead
arm parallel and last 40ms before impact. Lead arm parallel corresponds to the time when
the lead arm (arm closest to the flag) becomes parallel with the ground during the
downswing. Mean X-Factor at peak backswing was greatest in the high ball velocity group,
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as was maximum X-Factor, maximum trunk rotation velocity, maximum pelvic rotation
velocity, and maximum X-Factor velocity. The results of the study indicate that the X-Factor
during the downswing was a contributor to increased ball velocity, and, consequently, ball
carry [13].
Finally, a 2008 study by Zheng et al. looked at the differences between the swings of
male and female professional golfers [14]. Zheng et al. used a 6-camera motion analysis
system to capture swing data at 240Hz. The subjects were 25 right-handed PGA
(Professional Golf Association) Tour players and 25 right-handed LPGA (Ladies
Professional Golf Association) Tour players. Each subject took ten swings into a hanging
net five meters away. The two best swings, based upon data clarity and subject input, were
averaged for each subject. Zheng et al. computed joint angles at address, peak backswing,
and ball contact. These joint angles included right/left elbow flexion, right/left arm to trunk
angle, X-Factor, lateral trunk tilt, forward trunk tilt, shoulder orientation (shoulder axial
rotation), and pelvis orientation (pelvis axial rotation) [14]. The kinematic results of the
PGA and LPGA group were tested for differences between groups. The researchers found
that most of the significant differences between PGA and LPGA players occurred at ball
contact. At this swing phase, the LPGA group exhibited smaller arm-to-trunk angles, less
forward tilting, and more pelvis rotation. Additionally, significant differences were found in
the trail elbow extension angular velocity, club shaft angular velocity, and club head linear
speed, all of which were reduced in the LPGA group compared to the PGA group [14].
Zheng et al. then linked the data to injury rates in male and female professionals. LPGA
players have been reported to have twice as many lead wrist injuries as PGA players [14].
The work of Zheng et al. demonstrated that a significant difference existed between groups
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for the maximum angular velocity of both the lead and trail wrist, the maximum angular
velocity of the trail elbow extension, and the timing when the maximum lead wrist angular
velocity occurred. Zheng et al. suggested that the decreased angular velocity of the lead
wrist in LPGA players might be due to an increase in locking and breaking of the wrist
during the swing, which in turn may cause the higher incidences of lead wrist injuries in
the LPGA group [14].

Part 3 – Methods
The research presented in this thesis was conducted at the Center for Motion
Analysis at Connecticut Children’s Medical Center. The work was approved by the
Connecticut Children’s IRB (IRB #17-114). All subjects who met the inclusion criteria
participated voluntarily and were consented prior to participation in the study.

3.1 The Center for Motion Analysis
The Center for Motion Analysis is the motion analysis lab located at Connecticut
Children’s Medical Center in Farmington, CT. The lab is outfitted with a Vicon MX motion
capture system (Vicon, Los Angeles, CA). This system utilizes 12 infrared motion cameras
capable of accurately measuring the distances between two 14 mm diameter
retroreflective markers to within one millimeter, and accurately measuring the angle
between three retroreflective markers to within one degree. Due to the high-speed nature
of the golf swing, a collection frequency of 250Hz was used. The dimensions of the
calibrated collection space were 5 x 1.5 x 2.5m, yielding a total collection volume of
18.75m3. The lab also contains three 500mm x 500mm and two 500mm x 900mm digital
six-axis AMTI force platforms (AMTI, Watertown, MA) with low-pass Butterworth filters
(160Hz cutoff frequency). The platforms have a force resolution of 0.18N along the x and y24

axes and 0.72N along the z-axis, with a moment resolution of 0.72Nm along the x-axis and
0.07Nm along the y and z-axes. The force platforms were not used in this study due to an
atypical laboratory setup required to fit other necessary equipment for golf swing analysis.

3.2 Laboratory Setup
Golf is a sport that is played outside on a large course. A golf course can span many
acres of land; indeed, a single hole will require many acres of land. How, then, does one
remove a golfer from their natural environment, place the golfer in a research lab, ask the
golfer to swing “normally” into a hanging net, and expect to collect meaningful data on the
true mechanics of the golfer’s swing. The first answer is to acknowledge that there are,
indeed, limitations to collecting golf swing data in a laboratory environment, and no data
collection will be 100% accurate. However, it is possible to take steps to improve
laboratory conditions—essentially, trying to mimic as closely as possible the conditions on
a real golf course. The best way to overcome this huge limitation and bring “realistic” golf
conditions to the laboratory setting was through the use of a golf simulator. The golf
simulator served several purposes. First, the simulator provided a more realistic setting to
the golfer, offering a projected view of a golf range or hole at which the golfer can aim.
Previous work, like that of Horan et al., Gulgin et al., and Zheng et al., provided unrealistic
conditions by having subjects swing into a hanging net [11, 14] or replacing the golf ball
with a wiffle ball [10]. The simulator allowed the golfers to visualize themselves on a golf
course or golf range while hitting a real golf ball. Second, the simulator provided
performance data. This included ball carry, launch angle, ball spin, ball speed, clubhead
speed, and clubhead progression at Impact. These parameters were used to evaluate the
quality of the swing. This study did not place a marker on the ball, which would have
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allowed for calculation of ball velocity and launch angle. Thus, the simulator data filled in
this gap by providing estimates of these measures. The simulator used in this work is the
TruGolf Vista 8 Pro golf simulator (Trugolf, Salt Lake City, UT), which utilizes their E6
simulator software. The setup of the simulator in the laboratory can be seen in Figure 8.

Figure 8: TruGolf Vista 8 golf simulator setup with motion cameras circled in red
It should be noted that due to the size of the golf simulator, one of the 12 motion cameras
was completely blocked. This occlusion was deemed inconsequential, however, because the
remaining 11 motion cameras were able to fully record the golfer, allowing for accurate
reconstruction of markers in Nexus, Vicon’s reconstruction software. Additionally, the
system and layout of the laboratory is setup in such a way that two cameras could be lost
without a reduction in data quality.

3.3 Marker Configuration
3.3.1 Anatomical Markers
Prior to any data collection or analysis, it was necessary to design an appropriate
marker set that could be used on all subjects. The focus of this thesis was on the rotational
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components of the golf swing. Consequently, it followed that the relevant rotating body
segments were of utmost importance. During the golf swing, the pelvis, trunk, and arms
undergo significant rotational motions. The hips play an important factor as well, although
they contribute a largely translational component rather than rotational [1]. As such,
markers were placed on each of these key body segments at specific anatomical landmarks.
In addition, markers were placed on the head and the lower extremities. While these
markers did not play a crucial role in the analyses performed for this thesis, they will
provide kinematic data for analyses of these body segments in the future. Therefore, the
head, knee joint, ankle joint, and foot were also instrumented. Figure 9 shows the anterior
and posterior views of the marker set. In addition, all body segments, marker labels, and
descriptions of the anatomical landmarks where the markers were placed can be found in
Table 1. Note that the marker labels in the table below were used to define the markers in
Visual3D, the post-processing software used in this research.

Figure 9: Anterior and posterior views of the marker set used in this research
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Table 1: Body Segments, Marker Names, and Anatomical Placement Descriptions
Body
Marker
Placement Description
Segment
Name
SACR

Median sacral crest of the sacrum

Pelvis

Thorax/
Trunk

Shoulders

R/LASI

Right/Left anterior superior iliac spine

R/LCLA

Right/Left clavicle one to two inches from sternal notch

C7

Spinous process of the C7 vertebrae of cervical spine

R/LSAA

Most lateral aspect of right/left scapular spine

R/LSAC

Acromioclavicular joint of right/left shoulder

R/LSPC

Coracoid process of right/left shoulder

R/LELB

Lateral epicondyle of right/left humerus

R/LEMP

Medial epicondyle of right/left humerus

Elbows
R/LWRA Styloid process of right/left radius
Wrists
R/LWRB Styloid process of right/left ulna
Hands

R/LFIN

Between 2nd and 3rd metacarpal heads of right/left hand

Thighs
(Wands)

R/LTHI

Mid right/left thigh, projecting laterally from body

R/LKNE

Lateral condyle of right/left femur

R/LMKN

Medial condyle of right/left femur

R/LTIB

Mid right/left shank, projecting laterally from body

R/LANK

Lateral malleolus of right/left fibula

R/LMAK

Medial malleolus of right/left tibia

R/LTOE

Between 2nd and 3rd metatarsal heads of right/left foot (or shoe)

R/LFHD

Above outer canthus of right/left eye, above eyebrow line

R/LBHD

Posterior skull behind right/left ear, level with R/LFHD

Knees
Shanks
(Wands)
Ankles
Feet
Head
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3.3.2 Club Markers
In addition to the markers placed on the body, there were five markers placed on
the club. The placement and names of the club markers are described in Table 2, and the
markers are shown placed on a club in Figure 10. These markers trace the path of the club
shaft and club head through the swing cycle and allow for the calculation of clubhead speed
and clubhead acceleration as well as the angle of attack and clubhead progression.
Clubhead progression was of importance as it provided valuable insight to whether the
clubface was “open” or “closed” at impact. For a right-handed golfer, an open clubface
causes the ball to break to the right, or “slice”, while a closed clubface will cause the ball to
break to the left, or “hook”. Professionals who look to influence the spin of the ball to their
advantage use the terms “fade” to describe a controlled “slice” shot and “draw” to describe
a controlled “hook” shot.
Table 2: Club Segments, Marker Names, and Placement Descriptions
Club Segment

Club Shaft
(2 markers)

Marker
Name
CTOP
CMID
CBOT

Clubhead
(3 markers)

Placement Description
Placed just below the grip of the club, where the exposed club
shaft begins
Placed along the club shaft halfway between CTOP and CBOT
Placed on the hosel of the clubhead, the point at which the club
head attaches to the club shaft

CHL

Placed on the top surface of the clubhead at its most lateral
point

CHC

Placed on the top surface of the clubhead at its center,
posterior to both CBOT and CHL (i.e. towards back of club
head)

29

Figure 10: Placement of club markers
It is important to note that the markers on the clubhead differed from those on the
club shaft and on the subject. The markers on the clubhead experienced the highest
accelerations and velocities throughout the swing cycle, as they were located at the most
distal end of the kinematic chain. As a result, regular spherical markers did not stay
attached to the clubhead during the swing. Therefore, a flatter version of the markers was
constructed from half of a foam ball that was covered on the rounded side with
retroreflective tape. This provided a larger surface area for the marker to adhere to the
clubhead and the lower profile markers reduced the number of times the markers fell off
the clubhead. The two markers on the club shaft were the same spherical markers as the
ones used for the subject; however, they were secured with both double-sided tape and a
rubber band to ensure the markers remained properly positioned.
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3.4 Target Population and Inclusion/Exclusion Criteria
The target population for this work was experienced golfers who were over the age
of 16 years old and did not have any recent injuries that would prevent them from
performing in their typical fashion. To be eligible for study participation, the subjects were
required to meet the following inclusion criteria:
•

Subjects must be at least 16 years of age on day of participation

•

Subjects must have played at least 2 full rounds of golf (36 holes total) within
the past 9 months

•

Subjects must be injury free at the time of data collection

Subjects were excluded if they had:
•

Body Mass Index (BMI) of greater than 32

•

Height greater than seven feet

•

Inability to understand instructions

•

Injury in the past six months which may affect swing mechanics (i.e. lower
back injury, dislocated shoulder, or bone fracture)

To expand on the exclusion criteria, from past experience subjects with BMI greater
than 32 have body habitus that prevents accurate marker placement in key anatomical
regions such as the right and left ASIS. Occlusion of these anatomical sites prevents marker
placement and/or blocks markers from view of the cameras. Consequently, the occluded
body segments—and all segments that reference the occluded body segment—cannot be
reconstructed in the post processing software.

31

3.5 Data Collection
3.5.1 Subjects
A total of 10 subjects were recruited for this work. All subjects met the
inclusion/exclusion criteria as outlined in section 2.5. Prior to participation all subjects
were consented and signed a HIPAA form outlining the Private Health Information (PHI)
collected for this study. The subjects were required to wear shorts and a tank top for the
analysis so that accurate marker placement on the skin could be achieved. They were also
required to bring their own driver for the analysis. The subjects were allowed to wear
sneakers, and foot markers were placed as previously defined (Table 1). The subject was
allowed to take several practice swings on the simulator until they felt comfortable
swinging with all of the markers in place and in the laboratory environment.
3.5.2 Motion Capture for Data Collection
Motion data was collected at 250Hz using a 12-camera Vicon MX motion analysis
system. This frame rate allowed for the capture of the high-speed motions seen at the
clubhead without introducing too much noise into the system (i.e. phantom markers which
are not representative of any real physical marker, but appear as a form of noise).
3.5.3 Validation Data Collection Procedure
Validation data for a single subject was collected prior to any swing data. Markers
were placed on the subject and a static trial was collected. The static trial was necessary so
that the model could be appropriately scaled and applied to the subject. Each dynamic
validation trial limited movement to one range of motion. All ranges of motion were
systematically collected during the validation trials.
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All validation trials were saved in Vicon as a .c3d file and tracked. All tracked trials
were transferred into Visual3D and run through the Visual3D pipeline developed for this
work. The validation data was exported from Visual3D to Excel to be compared to expected
values.
3.5.4 Swing Data Collection Procedure
Once the subject felt comfortable swinging on the simulator with the markers
placed, data collection began. Prior to collecting dynamic trials a static trial of the subject
was collected. For the static trial, the subject stood in the center of the lab facing down the
centerline of the lab. The subject stood with hands out to the sides in anatomic neutral. For
right-handed subjects, the club was held outstretched in the right hand with the clubface
facing forward. For left-handed subjects, the club was held in the same manner but in the
left hand. The subject was asked to stand completely still for five seconds while the
researcher collected three seconds of static trial data. The difference in orientation of the
club for right-handed players and left-handed players was to account for directional
differences when swinging. All of the axes at each local coordinate system had to be flipped
for the left-handed model so that the data for right-handed and left-handed players were
not inverted in reference to each other.
After the static trial, the subject stood in the address position on the simulator and
waited for the queue to begin their swing. After the verbal queue the subjects were free to
swing in their own time. The data was collected from Address through Follow Through.
Extra data points at either end of the collection could be trimmed in Vicon to limit the data
to the areas of interest. After each swing, the subject was asked to rate the quality of the
swing on a scale from 1 to 10. A rating of 10 indicated that the swing was the best quality
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swing that the subject was capable of producing, while a rating of 1 indicated an extremely
poor swing. Although subjective, this rating provided an idea of swing quality for that
golfer. Only the best rated swings for each subject were analyzed. A total of 10 swings were
collected for each subject. Only those swings with a rating of 7 or higher were deemed
quality swings and used for data analysis. If after the 10 swings had been collected there
were not at least five swings with a rating of 7 or higher, additional swings trials were
conducted until there were at least five swings with a subject rating of 7 or higher. If more
than five swings with a subject rating of 7 or higher were collected, then the five swings
with the highest subject ratings were used. After the data collection session has ended, the
markers are removed from the club and subject.
The collected data was saved in Vicon as a .c3d file. Each trial was tracked in Vicon
from Address to Follow Through. Gaps in the data were filled using the gap-filling feature in
Vicon. All tracked trials were transferred into Visual3D and run through the Visual3D
pipeline developed for this work. The variables of interest outlined in the Results sections
were generated and exported to Excel and SAS for statistical analysis.

3.6 Model Building
This work used 47 retroreflective markers to create a 17 segment biomechanical
model to determine the kinematics associated with the golf swing. The base segment of the
model is the pelvis, which is consistent with other biomechanical models developed for
both gait and sports biomechanics analysis [5, 6, 14]. Three markers were used to describe
the pelvis—one on the sacrum and one on each anterior superior iliac spine (ASIS) (Figure
11).
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Figure 11: CODA Pelvis and coordinate system in Visual3D
In Figure 11, the black circles represent physical markers that are placed on the
pelvis (note: the sacrum marker, SACR, is hidden), while purple circles represent virtual
landmarks created in Visual3D. Two pelvis coordinate systems were created: the CODA
Pelvis coordinate system and the Visual3D Pelvis coordinate system. The origin of the
coordinate system of the CODA pelvis was located at the midpoint between the RASI and
LASI markers. The y-axis of the pelvis was defined from the origin towards the RASI
marker. The x-axis of the pelvis was defined from the sacrum through the origin of the
coordinate system. The z-axis of the pelvis was defined as the cross product of the y and xaxes. Right and left hip joint centers were generated using the following equations:
RIGHT_HIP_JOINT_CENTER:
𝑋!"#$%$"& = −0.19 ∗ 𝐴𝑆𝐼𝑆_𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 ∗ 𝑅𝑃𝑉_𝐴𝑃_𝐷𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛

Eq. 12

𝑌!"#$%$"& = 0.36 ∗ 𝐴𝑆𝐼𝑆_𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 ∗ 𝑅𝑃𝑉_𝑀𝐿_𝐷𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛

Eq. 13

𝑍!"#$%$!" = −0.30 ∗ 𝐴𝑆𝐼𝑆_𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 ∗ 𝑅𝑃𝑉_𝐴𝑥𝑖𝑎𝑙_𝐷𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛

Eq. 14
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LEFT_HIP_JOINT_CENTER:
𝑋!"#$%$"& = −0.19 ∗ 𝐴𝑆𝐼𝑆_𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 ∗ 𝑅𝑃𝑉_𝐴𝑃_𝐷𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛

Eq. 15

𝑌!"#$%$"& = −0.36 ∗ 𝐴𝑆𝐼𝑆_𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 ∗ 𝑅𝑃𝑉_𝑀𝐿_𝐷𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛

Eq. 16

𝑍!"#$%$"& = −0.30 ∗ 𝐴𝑆𝐼𝑆_𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 ∗ 𝑅𝑃𝑉_𝐴𝑥𝑖𝑎𝑙_𝐷𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛

Eq. 17

Where ASIS_Distance is the distance from the right ASIS to the left ASIS and
RPV_AP_Direction, RPV_ML_Direction, and RPV_Axial_direction are the x, y, and z direction
vectors for the pelvis, respectively. These equations were adapted from the work of Bell,
Pederson, and Brand concerning a hip joint center location prediction method [25, 26].
There was a 20° anterior tilt associated with the CODA Pelvis. A second pelvis
coordinate system—the Visual3D Pelvis—was generated in order to correct for this. First,
right and left iliac crest landmarks were generated using the location of the hip joint
centers. The right and left iliac crest markers were a vertical displacement of the right and
left hip joint centers and were computed using to the following equations:
RIGHT_ILIAC_CREST:
𝑋!"#$%$"& = −0.19 ∗ 𝐴𝑆𝐼𝑆_𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 ∗ 𝑅𝑃𝑉_𝐴𝑃_𝐷𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛

Eq. 18

𝑌!"#$%$"& = 0.36 ∗ 𝐴𝑆𝐼𝑆_𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 ∗ 𝑅𝑃𝑉_𝑀𝐿_𝐷𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛

Eq. 19

𝑍!"#$%$"& = 0.5 ∗ 𝐴𝑆𝐼𝑆_𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 ∗ 𝐿𝐴𝐵_𝐴𝑥𝑖𝑎𝑙_𝐷𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛

Eq. 20

LEFT_ILIAC_CREST:
𝑋!"#$%$"& = −0.19 ∗ 𝐴𝑆𝐼𝑆_𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 ∗ 𝑅𝑃𝑉_𝐴𝑃_𝐷𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛

Eq. 21

𝑌!"#$%$"& = −0.36 ∗ 𝐴𝑆𝐼𝑆_𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 ∗ 𝑅𝑃𝑉_𝑀𝐿_𝐷𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛

Eq. 22

𝑍!"#$%$"& = 0.5 ∗ 𝐴𝑆𝐼𝑆_𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 ∗ 𝐿𝐴𝐵_𝐴𝑥𝑖𝑎𝑙_𝐷𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛

Eq. 23

Where 𝐿𝐴𝐵_𝐴𝑥𝑖𝑎𝑙_𝐷𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛 is the z direction vector for the LAB coordinate system.

36

The midpoint between the right and left iliac crest (RILC/LILC) landmarks defines
the proximal joint center of the Visual3D pelvis. The distal joint center is defined as the
midpoint between the right and left hip joint centers. The y-axis is defined from the origin
towards the RILC landmark, and defines pelvic tilt. The x-axis is defined from the sacrum
marker through the origin of the coordinate system and describes pelvic obliquity. The zaxis is defined from the proximal joint center towards the distal joint center and describes
pelvic rotation; it is vertically aligned with the LAB coordinate system, eliminating the 20°
anterior tilt associated with the CODA Pelvis. Only the coordinate system of the Visual3D
Pelvis was used to generate kinematic data, and any future reference to the pelvis segment
refers to the Visual3D Pelvis.
The trunk segment was modeled after the pelvis (Figure 12). The model defined the
proximal end of the trunk at the pelvis and the distal end at the shoulder girdle. The
midpoint between the right and left iliac crest Landmarks was defined as the proximal joint
center of the trunk. The distal joint center was defined as the midpoint between the two
shoulder joint centers. An approximate depth of 0.12m (the default depth recommended by
Visual3D) was set for the trunk. The coordinate system of the trunk was located at the
proximal joint center. The y-axis of the trunk described anterior and posterior trunk tilt
and was defined from the proximal joint center towards the right iliac crest. The z-axis
described axial trunk rotation and was defined from the proximal joint center towards the
distal joint center. The x-axis was defined as the cross product of the z and y-axes and
projected posteriorly from the proximal joint center of the trunk; the x-axis described
lateral trunk tilt (or trunk obliquity). The coordinate system for the trunk segment
referenced the LAB coordinate system, which allowed for the most appropriate
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representation of segment rotations; specifically, this allowed for the calculation of
absolute trunk rotation in reference to the lab space rather than trunk rotation in reference
to the pelvis.

Figure 12: Trunk segment and coordinate system in Visual3D
The proximal joint centers for the upper arm segments were the shoulder joint
centers (Figure 13). Three markers were used to define each shoulder: the anterior
scapular spine (SAA), the acromion clavicular joint (SAC), and the coracoid process (SPC).
The shoulder joint centers required two landmarks, SHO1 and SHOJC. SHO1 was defined as
the midpoint of the vector between SAA and SPC. SHOJC was defined as the midpoint of the
vector between SHO1 and SAC. The right shoulder joint center was thus designated as
RSHOJC and the left shoulder joint center as LSHOJC. The shoulder joint centers were used
as the proximal joint centers for the upper arms. The midpoints between the medial and
lateral elbow markers defined the left and right elbow joint centers and were used as the
distal joint centers for the upper arm segments. The coordinate system of the upper arm
was located at the shoulder joint center. The z-axis defined upper arm rotation and was
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defined as the long axis of the humerus. The x-axis described shoulder abduction and
adduction and projected posteriorly from the shoulder, orthogonal to the z-axis. The y-axis
defined shoulder flexion and extension and was defined as the cross product of the x and zaxes. The upper arm segment coordinate systems referenced the trunk segment.

Figure 13: Upper arm segment with shoulder coordinate system in Visual3D
The forearm segments were created after the upper arm segments (Figure 14). The
proximal joint centers for the forearms were the elbow joint centers. The distal joint
centers for the forearm segments were the wrist joint centers, defined as the midpoints
between the medial and lateral wrist markers. The coordinate system of the forearm was
centered at the elbow. The z-axis was defined as the long axis of the forearm and was used
to describe forearm pronation and supination. The x-axis defined elbow varus and valgus
and projected posteriorly from the elbow, orthogonal to the z-axis. It is important to note
there is limited motion about the x-axis of the forearm segment. The y-axis defined elbow
flexion and extension and was defined as the cross product of the x and z-axes. The forearm
coordinate systems referenced the upper arms.
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Figure 14: Forearm segment with elbow coordinate system in Visual3D
The hand segments were created next (Figure 15). The proximal joint centers for
the hands were the wrist joint centers. The hand markers (RFIN and LFIN) defined the
distal joint centers. The coordinate systems for the hands were located at the wrist joint
centers. The z-axis described axial rotation of the hand, and was defined as the vector
between the wrist joint center and the distal hand joint center. The x-axis described wrist
radial and ulnar deviation and projected posteriorly from the wrist, orthogonal to the zaxis. The y-axis described wrist flexion and extension and was defined as the cross product
of the x and z-axes. The coordinate systems of the hands referenced the forearm segments.

Figure 15: Hand segment with wrist coordinate system in Visual3D
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The first segment of the lower body to be modeled was the thigh segment (Figure
16). The proximal joint center for the thigh segment was the hip joint center. The distal
joint center for the thigh segment was the knee joint center, which was defined as the
midpoint between the medial and lateral knee joint markers. The thigh segment’s
coordinate system was located at the hip joint center. The z-axis paralleled the femur from
the hip joint center to the knee joint center and defined internal and external rotation of
the hip. The x-axis described hip abduction and adduction and projected posteriorly from
the hip joint center, orthogonal to the z-axis. The y-axis defined hip flexion and extension
and was created by crossing the x and z-axes. The coordinate systems for the thighs
referenced the pelvis segment.

Figure 16: Thigh segment with hip coordinate system in Visual3D
The proximal joint center of the shank was the knee joint center, and the distal joint
center of the shank was the ankle joint center (Figure 17). The ankle joint center was
defined as the midpoint between the medial and lateral ankle joint markers. The coordinate
system for the shank was located at the knee joint center. The z-axis was defined as the
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long axis between the proximal and distal joint centers of the shank segment and defined
knee internal and external rotation. The x-axis defined knee varus and valgus and projected
posteriorly from the knee joint, orthogonal to the z-axis. The y-axis was used to describe
knee flexion and extension and was defined as the cross product of the x and z-axes. The
coordinate system for the shank referenced the thigh segment.

Figure 17: Shank segment with knee coordinate system in Visual3D
The foot segment was the last of the lower body segments (Figure 18). The proximal
joint center for the foot segment was the ankle joint center, and the toe markers (RTOE and
LTOE) defined the distal joint centers. The coordinate system for the foot was located at the
ankle joint center. The x-axis described foot inversion and eversion and projected
posteriorly from the ankle joint center along the long axis of the foot. The y-axis of the foot
described ankle dorsiflexion and plantarflexion and was defined from the ankle joint center
towards the lateral ankle joint marker, orthogonal to the x-axis. The z-axis defined foot
progression and was defined by the cross product of the x and y-axes; the z-axis projected
upward from the ankle joint center. Unlike the previous segments, the foot referenced the
LAB coordinate system rather than the shank. This was done to produce more clinically
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relevant values of foot progression, which described the position of the foot relative to the
direction the subject was facing. This parameter provided a better understanding of how
square the subject stood in relationship to the ball. Similarly, foot attitude replaced the
typical measure of plantarflexion and dorsiflexion, as professionals are more concerned if
the golfer is on their toes or heels.

Figure 18: Foot segment with ankle coordinate system in Visual3D
The last body segment created was the head (Figure 19). The proximal joint center
of the head was the midpoint between the two anterior head markers, designated RFHD
and LFHD. The distal joint center was the midpoint between the posterior head markers,
designated RBHD and LBHD. The coordinate system for the head was located at its
proximal joint center. The z-axis described head rotation and was defined vertically from
the proximal joint center. The x-axis described lateral tilt (head obliquity) and was defined
from the proximal joint center towards the distal joint center, projecting posteriorly from
the head and orthogonal to the z-axis. Finally, the y-axis described anterior and posterior
head tilt and was defined as the cross product of the x and z-axes. The head coordinate
system referenced the LAB coordinate system.
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Figure 19: Head segment and coordinate system in Visual3D
In addition to the body segments, two segments were constructed to describe the
club shaft and clubhead. The club shaft was modeled as a long cylinder with a proximal and
distal center (Figure 20). The proximal center of the club shaft for right-handed golfers was
the right hand distal joint center. For left-handed golfers the left hand distal joint center
was used. The distal center of the club shaft was the club marker placed on the hosel of the
club, CBOT. The coordinate system for the club was located at its proximal center. The zaxis was defined along the long axis of the club shaft. The x-axis projected posteriorly from
the proximal center, orthogonal to the z-axis. The y-axis was the cross product of the x and
z-axes.
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Figure 20: Club shaft and coordinate system in Visual3D
The clubhead was modeled as an ellipsoid with a proximal and distal center (Figure
21). The proximal center was CBOT and the distal center was the lateral clubhead marker,
designated CHL. The coordinate system of the clubhead segment was located at CBOT. The
z-axis defined clubhead progression and was defined vertically from the proximal center.
The x-axis described clubhead angle of attack and projected anteriorly from the heel of the
clubhead, orthogonal to the z-axis. Finally, the y-axis was defined as the cross product of
the x and z-axes. The coordinate system of the clubhead referenced the LAB coordinate
system.

Figure 21: Clubhead segment and coordinate system in Visual3D
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Each of the segments required at least three tracking markers to define its
orientation. Table 3 lists the tracking markers for each segment. Note that markers can be
used as tracking markers for multiple segments.
Table 3: Segments and corresponding tracking markers
Segment

Tracking Markers

Pelvis

RASI, LASI, SACR

Trunk

RASI, LASI, SACR, RCLA, LCLA, C7

Right Upper Arm

RSAA, RSAC, RSPC, RELB, REMP

Left Upper Arm

LSAA, LSAC, LSPC, LELB, LEMP

Right Forearm

RELB, REMP, RWRA, RWRB

Left Forearm

LELB, LEMP, LWRA, LWRB

Right Hand

RWRA, RWRB, RFIN

Left Hand

LWRA, LWRB, LFIN

Right Thigh

RASI, RKNE, RMKN

Left Thigh

LASI, LKNE, LMKN

Right Shank

RKNE, RMKN, RANK, RMAK

Left Shank

LKNE, LMKN, LANK, LMAK

Right Foot

RANK, RMAK, RTOE

Left Foot

LANK, LMAK, LTOE

Head

RFHD, RBHD, LFHD, LBHD

Club Shaft

CTOP, CMID, CBOT

Club Head

CBOT, CHC, CHL

3.7 Visual3D Pipeline
The custom-made Visual3D pipeline was essential to this work. The general
functions of the pipeline are illustrated in the flowchart in Figure 22. The three main
functions of the pipeline were to compute the kinematics from the raw marker data using
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Euler’s equations of motion, define the four main event times, and export the variables of
interest to MatLab and Excel.
Each kinematic variable of interest corresponded to a single range of motion in the
body. Visual3D was used to compute Euler’s equations to determine the angles between
the local coordinate systems of segments. A specific Euler rotation sequence was used for
each range of motion; the primary axis of the range of motion was always the first Euler
rotation in the Euler sequence, which was found to provide the most clinically relevant and
physiologically appropriate results. Table 4 defines the Euler sequences used for the ranges
of motion examined in this work.
Table 4: Ranges of Motion and Euler Rotation Sequences
Range of Motion

Euler Rotation
Sequence

Trunk Rotation, Pelvic Rotation, and X-Factor

ZYX

Trunk Flexion

YXZ

Lead/Trail Shoulder AB/ADduction

XYZ

Lead/Trail Shoulder Flexion

YXZ

Lead/Trail Elbow Flexion

YXZ

Lead/Trail Knee Flexion

YXZ

The golf swing was divided into four major event times: Address, Peak Backswing,
Impact, and Follow Through. There were three additional minor events defined in
Visual3D—Mid Backswing, Mid Downswing, and Mid Follow Through; however, these
minor event times were used for reference only and no data was exported for analysis from
these. The definitions of the four major events can be found in Table 5.
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Table 5: Definitions of Event Times in Visual3D
Event

Definition in Visual3D

Address

Occurs when clubhead velocity increases past 0.1 m/s for the first time

Peak Backswing

Occurs when the clubhead has reached its minimum clubhead velocity
prior to Impact

Impact

Occurs when clubhead velocity is at its maximum value

Follow Through

Occurs at the last frame of data imported into Visual3D from Vicon

Address and Peak Backswing were relatively simple to define. Impact and Follow
Through, however, proved more challenging. There was no marker placed on the ball in
this study, so Impact could not be defined as initiation of ball acceleration. Therefore,
Impact was designated as the frame when clubhead velocity was at its maximum value.
Although this may not be true in all cases, clubhead velocity generally reached its
maximum speed at Impact. In addition, the time of Impact for each trial was verified
through visual inspection. Using the current convention, Impact was accurately defined for
all trials to within two frames of data. The data was recorded at 250Hz; a frame or two on
either side of Impact makes a negligible difference in the kinematics at the event.
Follow Through relied heavily on the processing of the data in Vicon. Each subject
had a very unique swing, so defining when exactly the swing ends in Visual3D proved
difficult. The best solution to this was to shorten the data trials in Vicon to the exact frame
when Follow Through was achieved This frame was typically designated as the frame when
the clubhead came to its most rested position at the conclusion of the swing. Then, in
Visual3D, Follow Through was designated as the last frame of data for each trial. After the
four main event times were defined for each trial, Visual3D exported values for each
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variable of interest at each event time, thus generating a kinematic description of the golf
swing.
Static.c3d Trial Loaded from Vicon into Visual3D

Visual3D Model Template Applied to Static Trial
Swing.c3d Trials Loaded from Vicon into Visual3D

Visual3D Model Assigned to Swing.c3d Files

Visual3D
Computation of Model Based Data (MBD)
Definition of Event Times

Graphing of MBD from Address to Follow Through

Retrieval of MBD at Event Times

MatLab

MBD at Event Times Exported to MatLab via .mat Files

Excel

MatLab Files Exported to Excel for Statistical Analyses
Figure 22: Flowchart of Visual3D Pipeline and Export of Data

3.8 Statistical Analysis
Validation data was exported to Excel and compared to expected values using a
Pearson correlation. The technique for computing expected values is discussed in section
4.2.
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In Excel, means and standard deviations were generated for each variable of interest
and each performance outcome. Due to the fact that repeated measures were obtained
from each golfer, it was not appropriate to use a traditional t-test to compare means.
Rather, a random intercept mixed-effects regression model was used [27, 28]. This model
takes into account the repeated measures for each golfer and makes use of all data, rather
than averaging each subjects data. There were cases where fewer than five trials were
available for analysis for a particular subject due to marker occlusion. The regression
method was able to accommodate for this modification and calculate the appropriate
standard errors to reflect the degree of precision available.

Part 4 – Results
4.1 Subject Demographics
A total of 10 subjects were used in this work. All subjects were male and right
handed with an average age of 33 ± 15 years.

4.2 Validation
Kinematic validation of the model was an important step in understanding the
accuracy of the model. In order to validate the model as accurate, joint angles were
calculated from raw marker data in Vicon and compared to the joint angles obtained from
the Visual3D model. The validation of the right elbow flexion angle served as a good
example of the validation techniques employed for the entire model.
In order to validate the right elbow flexion angle produced by the Visual3D model,
the elbow flexion angle was calculated by hand from the raw marker data. The raw marker
data consists of the x, y, and z positions of the markers in the lab space. The raw data for
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RSAC, RELB, REMP, RWRA, and RWRB were taken from Vicon. The right elbow joint center
(EJC) was calculated as the midpoint between the RELB and REMP coordinates. The right
wrist joint center (WJC) was calculated as the midpoint between the RWRA and RWRB
coordinates. A humeral vector (HV) was calculated from RSAC towards the EJC by
subtracting the coordinates of RSAC from the coordinates of the EJC. A forearm vector (FV)
was created by subtracting the coordinates of the EJC from the coordinates of the WJC. The
cosine of the angle between the humeral vector and the forearm vector was obtained using
equation 18:
!"∙!"

cos 𝜃 = ∥!"∥∥!"∥

Eq. 24

The angle of elbow flexion was then obtained by taking the inverse cosine of the
result. This calculated elbow flexion angle was plotted in Excel along with the flexion angle
obtained from the Visual3D model (Figure 23).

Figure 23: Comparison of Elbow Flexion Angle from Vicon Output and Visual3D Output
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The agreement between the calculated (expected) value and the Visual3D model
output was extremely high, R = 0.999. An identical technique was used to validate each
joint angle in the body to ensure the model outputs the correct joint angles.

4.3 Performance Outcomes
Three outcomes were identified to define performance: Ball Carry (yds), Clubhead
Speed at Impact (mph), and Clubhead Progression at Impact (°). Each of these three
outcomes was collected from the TruGolf Vista 8 simulator data. Note that a positive
clubhead progression indicates an open clubface, while a negative clubhead progression
indicates a closed clubface. A summary of performance based on these three outcomes is
offered in Table 6. Each variable of interest was analyzed in reference to each performance
outcome.
Table 6: Summary of Performance Outcomes
Performance Outcome

Average

Ball Carry (yds)

247.2 ± 40.8

Clubhead Speed at Impact (mph)

104.0 ± 9.9

Clubhead Progression at Impact (°)

-1.2 ± 4.0

4.4 Variables of Interest
The focus of this work is on the rotational mechanics of the golf swing. As such, the
bulk of the variables of interest pertain to rotational components, such as trunk, pelvis, and
spine rotation. In addition to these rotational variables, several non-rotational variables
have been postulated to have influence on golf performance. Therefore, shoulder
AB/ADduction, elbow flexion, hip flexion, and knee flexion have also been taken into
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consideration. These additional variables of interest serve the purpose of demonstrating
the usefulness of the model as not only a rotational model, but also a whole body model of
the golf swing. Table 7 contains the variables of interest considered in this work, broken
down by variable type and swing phase. In total, 24 variables of interest were examined.
Table 7: Variables of Interest at Each Swing Phase
Variables of Interest

Swing
Phase
Address
Peak
Backswing
Impact
Follow
Through

Rotational

Non-Rotational

Trunk Rotation,
Pelvic Rotation,
None
X-factor
Trunk Rotation, Lead Shoulder AB/ADduction, Trail Shoulder AB/ADduction,
Pelvic Rotation, Lead Elbow Flexion, Trail Elbow Flexion, Lead Knee Flexion,
X-factor
Trail Knee Flexion
Trunk Rotation, Lead Shoulder AB/ADduction, Trail Shoulder AB/ADduction,
Pelvic Rotation, Lead Elbow Flexion, Trail Elbow Flexion, Lead Knee Flexion,
X-factor
Trail Knee Flexion
Trunk Rotation,
Pelvic Rotation,
None
X-factor

The average values for the variables of interest at each swing phase are provided in Table 8
in section 4.5.

4.5 Kinematics of The Golf Swing
One of the primary objectives of this work was to describe the golf swing from a
biomechanical perspective. The model created allowed for a detailed kinematic description
of the golf swing from Address to Follow Through. The following description of the golf
swing represents mean values of the data collected from the 10 subjects in this study.
The swing started in the Address (ADD) position. The trunk was rotated 6 ± 3°
towards the fairway and was flexed at 37 ± 4° (note that positive rotation angles were
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rotations towards the fairway and negative rotation angles were rotations away from the
fairway). The pelvis remained near neutral with a rotation of 2 ± 4° towards the fairway.
The lead knee was flexed to 16 ± 8° while the trail knee was flexed to 19 ± 8°.
From Address the golfer shifted to the trail foot and began to rotate their body away
from the fairway until Peak Backswing (PB) was reached. At Peak Backswing, the trunk
was rotated -87 ± 14° while the pelvis was rotated -41 ± 13°. The average X-factor was
found to be -43 ± 5°. The lead knee was flexed 42 ± 4° while the trail knee was flexed
21 ± 10°. The lead elbow was flexed 53 ± 17° while the trail elbow was extremely flexed at
127 ± 13°.
The downswing leads to impact (IMP). At Impact, both the trunk and the pelvis have
rotated past the ball and open up towards the fairway. The trunk was rotated 18 ± 8° while
the pelvis was rotated 48 ± 12°. This makes it clear that the pelvis rotates through the
impact zone ahead of the trunk. The X-factor at impact was -28 ± 7°. The lead knee was
flexed 10 ± 9° while the trail knee had 30 ± 12° of flexion.
After impact the swing continued until the Follow Through (FT) position was
achieved. This position was characterized by a trunk rotation of 144 ± 15° and a pelvic
rotation of 111 ± 15°. This led to an X-factor of 33 ± 10° at Follow Through. The lead
shoulder was now abducted to -56 ± 22° while the trail shoulder was adducted 74 ± 14°.
The elbows were both flexed, with the lead elbow at 129 ± 14° and the trail elbow at 96 ±
14°. The lead leg was almost fully extended, with 1 ± 6° of flexion in the lead knee. The trail
knee had 20 ± 10° of flexion at Follow Through. Table 8 summarizes the kinematics of the
golf swing from Address to Follow Through.
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Table 8: Kinematics of the Golf Swing from Address to Follow Through
Body
Segment

Range of Motion

Angle (°) at
ADD

Angle (°) at
PB

Angle (°) at
IMP

Angle (°) at
FT

Rotation

6±3

-87 ± 14

18 ± 8

144 ± 15

Flexion

37 ± 4

33 ± 3

30 ± 6

26 ± 11

Pelvis

Rotation

2±4

-41 ± 13

48 ± 12

111 ± 15

Spine

Rotation (X-Factor)

5±5

-43 ± 5

-28 ± 7

33 ± 10

Flexion

29 ± 4

78 ± 12

32 ± 6

27 ± 37

AB(-)/AD(+)duction

10 ± 4

76 ± 14

15 ± 9

-56 ± 22

Flexion

30 ± 3

29 ± 22

15 ± 4

74 ± 14

AB(+)/AD(-)duction

-8 ± 5

36 ± 18

6±7

-68 ± 17

Flexion

24 ± 8

53 ± 17

34 ± 8

129 ± 14

Flexion

28 ± 8

127 ± 13

55 ± 9

96 ± 14

Flexion

16 ± 8

42 ± 4

10 ± 9

1±6

Flexion

19 ± 8

21 ± 10

30 ± 12

20 ± 10

Trunk

Lead
Shoulder
Trail
Shoulder
Lead
Elbow
Trail
Elbow
Lead
Knee
Trail
Knee

*ADD: Address
PB: Peak Bacskwing
IMP: Impact
FT: Follow Through

A visual representation of the kinematics of the golf swing is offered in Appendix A.

4.6 Performance Based Results
4.6.1 Rotational Mechanics
The three main rotational components of the swing are trunk rotation, pelvic
rotation, and the X-factor. These rotations were analyzed at all four swing phases in order
to determine whether they have a significant effect on the performance outcomes. Each
rotational variable of interest was run through a mixed model regression in SAS in order to
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determine if the variable was associated with a performance outcome. The results of the
SAS mixed model regression for the rotational variables are summarized in Table 9:
Table 9: Significance of Rotational Variables of Interest
Rotational
Variable of
Interest

Ball Carry
(yds)

Clubhead
Speed at
Impact (mph)

Clubhead
Progression at
Impact (°)

p-value

Beta

p-value

Beta

p-value

Beta

Trunk rotation ADD

0.0497

-1.9

0.3143

0.3

0.0209

0.5

Trunk rotation PB

0.3178

-0.8

0.5979

-0.1

0.2959

0.1

Trunk rotation IMP

0.9909

0.0

0.4899

-0.1

0.2611

0.1

Trunk rotation FT

0.7923

0.1

0.9459

-0.0

0.746

0.0

X-Factor ADD

0.072

-1.3

0.3665

0.2

0.084

0.3

X-Factor PB

0.2094

-1.9

0.0028

-1.1

0.7052

-0.1

X-Factor IMP

0.1078

-1.6

0.0013

-0.8

0.645

-0.1

X-Factor FT

0.8171

0.1

0.746

-0.0

0.5447

0.0

Pelvic rotation ADD

0.5405

0.7

0.7923

-0.1

0.8423

-0.0

Pelvic rotation PB

0.6902

-0.3

0.7074

0.1

0.1966

0.1

Pelvic rotation IMP

0.4671

0.4

0.2359

0.2

0.2164

0.1

Pelvic rotation FT

0.908

0.1

0.7878

0.0

0.9329

-0.0

Trunk Rotation at Address was found to have a significant effect on both Ball Carry
and Clubhead Progression at Impact, p = 0.0497 and p = 0.0209, respectively. Additionally,
the Beta value for the effect of Trunk Rotation at Address on Ball Carry was found to be
substantial, β = -1.9. X-Factor at Peak Backswing had a significant effect on Clubhead Speed
at Impact, p = 0.0028, but did not have a significant effect on Ball Carry, p = 0.2094. X56

Factor at Impact was also found to have a significant effect on Clubhead Speed at Impact, p
= 0.0013. Pelvic Rotation was not found to have a significant effect on any of the
performance outcomes at any swing phase.
4.6.2 Non-rotational Mechanics
Several non-rotational variables were identified for analysis in addition to the
rotational variables studied. These non-rotational variables were included to demonstrate
the effectiveness of the model as a whole-body model as well as elucidate associations
between non-rotational body mechanics and golf performance. These 12 variables were
run through the SAS mixed model regression, and the results of the regression are shown in
Table 10.
Lead Shoulder AB/ADduction at Peak Backswing and Impact were both found to be
significantly associated with Clubhead Speed at Impact, p = 0.0093 and p = 0.0459,
respectively. Both variables had a Beta value of 0.4. Trail Elbow Flexion at Impact was
found to be significantly associated with Clubhead Speed at Impact, p = 0.0127, Beta = 0.4.
Neither Trail nor Lead Knee Flexion was found to be significantly associated with any of the
performance outcomes at any swing phase.
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Table 10: Significance of Non-Rotational Variables of Interest

Non-Rotational
Variable of Interest

Ball Carry
(yds)

Clubhead
Speed at
Impact (mph)

Clubhead
Progression at
Impact (°)

p-value

Beta

p-value

Beta

p-value

Beta

0.5119

-0.4

0.2073

0.2

0.7799

0.0

0.4217

1.2

0.641

-0.2

0.1996

-0.2

0.3551

0.6

0.0093

0.4

0.4667

-0.1

0.8426

-0.1

0.0459

0.4

0.355

0.1

Trail elbow flexion PB

0.0741

-1.5

0.0735

-0.4

0.3654

0.1

Trail elbow flexion IMP

0.6015

-0.3

0.0127

0.4

0.6746

0.0

Lead elbow flexion PB

0.0659

-1.1

0.0589

-0.3

0.1959

0.1

Lead elbow flexion IMP

0.7895

0.2

0.777

0.1

0.4709

-0.1

Trail knee flexion PB

0.5225

-0.5

0.4913

-0.1

0.9294

-0.0

Trail knee flexion IMP

0.9576

-0.0

0.5938

-0.1

0.2049

-0.1

Lead knee flexion PB

0.9173

-0.1

0.0775

-0.6

0.7274

0.1

Lead knee flexion IMP

0.3283

0.9

0.8312

0.1

0.5607

-0.1

Trail shoulder
AB/ADduction PB
Trail shoulder
AB/ADduction IMP
Lead shoulder
AB/ADduction PB
Lead shoulder
AB/ADduction IMP

Part 5 – Discussion
The goals of this work were to create, validate, and use a biomechanical model to
analyze the kinematics of golf swing. The kinematic data generated by the model agreed
very well with expected values. Additionally, several variables of interest were found to
have significant associations with performance outcomes. These variables included Trunk
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Rotation at Address, X-Factor at Peak Backswing and Impact, Lead Shoulder Adduction at
Peak Backswing and Impact, and Trail Elbow Flexion at Impact.

5.1 Model Considerations
The model used in this work required the use of optoelectronic motion capture
techniques, specifically the placement of retroreflective markers over bony landmarks. The
markers were secured via double sided tape directly to the skin of the subject or directly to
the club. The only additional measure to increase security of the markers was to wrap a
rubber band around the markers placed on the club shaft, as this was found to greatly
reduce the incidence of markers falling off of the club shaft. Marker placement on certain
parts of the body can be less reliable than others. For instance, placement of a marker over
an area covered in adipose tissue allows more skin motion artifact that could have a
deleterious effect on the data. Skin motion artifact was most common in areas around the
pelvis, due to excess adipose tissue at the waistline, and shoulder, due to the dynamic
motion of the shoulder as well as a number of subjects having highly developed
musculature near the coracoid. To curb the effects of skin motion artifact, markers were
placed directly over palpable bony landmarks with minimal underlying tissue whenever
possible.
A second major issue with motion capture using retroreflective markers was marker
dropout. Marker dropout can occur for several reasons, including occlusion by clothing,
occlusion by excess adipose tissue (typically at the waistline), and dropout due to markers
exiting the collection space. To reduce marker occlusion by clothing, subjects were
required to wear athletic shorts and a tank top so that all landmarks were accessible for
marker placement. Subjects with a BMI greater than 32 were excluded from participation
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due to the high potential for marker occlusion associated with this body habitus. Still, not
all marker dropouts could be avoided. Three markers were placed on the clubhead to
determine the Clubhead Progression at Impact and Clubhead Speed at Impact. During the
backswing the clubhead typically left the collection space and the clubhead markers
dropped out of data collection until the clubhead re-entered the collection space. To correct
for marker drop out, gap filling routines that recreate marker trajectories based on the
marker’s relative position to other markers on the same segment were used. For instance,
if the right ASIS (RASI) marker was occluded the last known position of RASI, the next
known position of RASI, and the known position of the sacrum marker (SACR) throughout
the gap could be used fill the gap in the trajectory of RASI.

5.2 Validation
The validation of the model was essential to the work completed in this thesis. The
validation provided evidence that the data output from Visual3D was accurate and reliable.
The method of validation relied on the raw marker coordinates collected during the
validation data capture. A single subject was asked to perform in isolation all of the ranges
of motion examined in this work. For example, the subject was asked to stand still in
anatomical position and then completely flex and extend their right elbow without moving
any other body segments. From the marker coordinates at the shoulder, elbow, and wrist,
vectors were calculated for the relevant body segments. The angle between the vectors was
calculated using equation 18, outlined in the section 4.2. The angle calculated via the
validation method matched the angle outputted by Visual3D extremely well, R = 0.999
(Figure 23). This process was repeated for all relevant ranges of motion, and the results
lend great confidence to the angles calculated using Visual3D.
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Visual inspection of the data was also used to ensure that the data for each joint was
reasonable and moving through a physiologically possible range of motion. Careful review
of the data in tandem with review of video capture of the swing supported that the angles
seen in the swing video were closely related to the angles produced by the model. In
addition, the model used in this work yielded kinematic data that compared well with
results of previous work, namely the work of Zheng et al. and Myers et al. A comparison of
models and kinematic data across studies is offered in section 5.5. Using a combination of
rigorous mathematical validation, careful visual inspection, and comparison of kinematic
results across studies, a high level of confidence in the data is achieved.

5.3 Rotational Mechanics Analysis
Trunk Rotation at Address was found to be significantly associated with Ball Carry,
with a Beta value of -1.9. The mean for Trunk Rotation at Address was found to be 6°. This
indicated that for every degree increase in Trunk Rotation at Address over 6°, drive carry
decreases by almost 2 yards. This translates to a 19 yard loss in carry for every 10°
increase in Trunk Rotation at Address above the mean. Additionally, Trunk Rotation at
Address was found to be significantly associated with Clubhead Progression at Impact (p =
0.0209). With a Beta value of 0.5, this indicates that for every degree increase in Trunk
Rotation at Address over 6°, Clubhead Progression at Impact increases, or opens, half of a
degree. Half of a degree may not seem like a large difference, but when a golf shot travels
240 yards or more before hitting the ground, half a degree can make the difference
between hitting the fairway and landing in the rough.
While X-factor at Address was not significant in its association with Ball Carry and
Clubhead Progression at Impact, p = 0.072 and p = 0.084, respectively, it was relatively
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close to the significance threshold of 0.05 given that only 10 subjects were analyzed in this
dataset; additionally, a post hoc power analysis indicated that 24 subjects would be needed
to reach statistical significance. Thus, it is possible that X-factor at Address has some
influence on Ball Carry; there simply may not be enough data in order to designate it as
“significant”. The Beta value for the effect of X-factor at Address on Ball Carry is -1.3. With a
mean value of 4.9°, this indicates that for every degree increase in X-factor at address there
may be an associated decrease in ball carry by approximately 1.3 yards. In other words, a
10° increase in X-Factor at Address above 4.9° may reduce Ball Carry by up to 13 yards.
Similarly, with a larger data set the X-Factor at Address may be found to be
significantly associated with Clubhead Progression at Impact. The Beta value for the
association between X-Factor at Address and Clubhead Progression at Impact was found to
be 0.3, indicating that for every degree increase in X-Factor at Address over 4.9°, the
clubface will open 0.3° more at impact. The fact that rotational mechanics at the Address
position can have a significant influence on driving performance was interesting, as the
Address position is static. It does not require as much skill to achieve the proper Address
position as it does more dynamic positions, such as Peak Backswing, Impact, and Follow
Through. The idea that simply changing the Address position by de-rotating the trunk a few
degrees to increase drive distance or to reduce a slice may be useful for golf instructors.
These findings illustrate the importance of the Address phase in generating a powerful
swing and an accurate drive.
It was hypothesized that Trunk Rotation and X-Factor at Peak Backswing would be
positively associated with Ball Carry and Clubhead Speed at Impact. While Trunk Rotation
at Peak Backswing was not significantly associated with Ball Carry or Clubhead Velocity, X-

62

Factor was significantly associated with Clubhead Speed at Impact, p = 0.0028, 𝛽 = -1.1. The
average X-Factor at Peak Backswing was found to be -43°. This indicates that for every
degree the X-Factor at Peak Backswing increases from -43°, Clubhead Speed at Impact will
decrease by just over 1mph. Here, it is important to note that a larger X-Factor is actually a
more negative X-Factor. An increase in X-Factor indicated that the X-Factor became more
positive, which signifies a decrease in the magnitude of the X-Factor. Thus, a reduction in
the magnitude of the X-factor at Peak Backswing was associated with a decrease in
Clubhead Speed at Impact. This finding supported the hypothesis that the X-Factor at Peak
Backswing would be positively associated with Clubhead Speed at Impact. This result was
in accordance with the results of Myers et al. who found X-Factor to be a predictor of
performance [13].
The same cannot be said, however, about the association between X-Factor at Peak
Backswing and Ball Carry, p = 0.2094, 𝛽 = -1.9. It is possible that due to the limited sample
size in this work there was not enough available data to find a significant association
between X-Factor at Peak Backswing and Ball Carry. Due to the fact that the X-Factor at
Peak Backswing had a significant effect on Clubhead Speed at Impact, it is logical that XFactor may have a significant effect on Ball Carry. While the results don’t explicitly link XFactor at Peak Backswing and Ball Carry, related data indicate potential significance with a
larger sample.

5.4 Non Rotational Mechanics Analysis
It was hypothesized that Trail Shoulder Abduction at Peak Backswing would be
positively associated with Ball Carry and Clubhead Speed at Impact. This was not found to
be the case. Trail Shoulder Abduction at Peak Backswing was not associated with any of the
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performance outcomes. Due to the small Beta values found for Trail Shoulder Abduction at
Peak Backswing it is unlikely that any significant associations would be found even with a
larger sample size.
While trail shoulder kinematics did not have a significant association with Ball Carry
or Clubhead Speed at Impact, lead shoulder kinematics did. Lead Shoulder Adduction at
Peak Backswing was positively associated with Clubhead Speed at Impact, p = 0.0093, β =
0.4. With an average Lead Shoulder Adduction at Peak Backswing of 76°, this indicates that
for every degree increase in lead shoulder adduction at Peak Backswing above 76°,
clubhead speed at Impact increases by 0.4mph. This makes intuitive sense because as the
degree of Lead Shoulder Adduction at Peak Backswing increases, the clubhead is brought
further back. The increase in adduction may serve to load the trunk even more during
backswing, leading to higher clubhead speed during downswing and at Impact.
In addition, Lead Shoulder Adduction at Impact was also shown to be significantly
associated with Clubhead Speed at Impact, p = 0.0459, β = 0.4. For each degree Lead
Shoulder Adduction at Impact increases above 15°, Clubhead Speed at Impact increases by
0.4mph. It is possible that Lead Shoulder Adduction at Impact is related to Trunk Rotation
at Impact, as the trunk is rotated towards the fairway 18 ± 8° while Lead Shoulder
Adduction at Impact is 15 ± 9°. This makes sense because the more the trunk is rotated at
Impact, the more the lead shoulder must adduct in order to compensate. Therefore,
increased Lead Shoulder Adduction at Impact may result from increased Trunk Rotation at
Impact, which may subsequently increase the loading of the body at or just prior to Impact.
This increased loading may lead to higher Clubhead Speeds at Impact as Lead Shoulder
Adduction at Impact increases.
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The lead and trail elbows move through a wide range of motion throughout the
swing cycle. The immediate results show that neither Lead nor Trail Elbow Flexion was
associated with Ball Carry or Clubhead Speed at Impact. At Peak Backswing, Lead Elbow
Flexion was nearly significant for both Ball Carry (p = 0.0659, β = -1.1) and Clubhead Speed
at Impact (p = 0.0589, β = -0.3). The lack of significance shown by the data may be due to
limited sample size, and there may still be an association between Lead Elbow Flexion and
performance. If further studies validated the association between Lead Elbow Flexion at
Peak Backswing and Clubhead Speed at Impact, this would mean that for every degree
increase in Lead Elbow Flexion at Peak Backswing beyond 53°, Ball Carry decreases by 1.1
yards and Clubhead Speed at Impact decreases by 0.3mph. This would indicate that a
threshold exists for Lead Elbow Flexion at Peak Backswing, beyond which performance will
suffer. A common teaching point from golf instructors is to keep the lead arm straight
during the backswing, as this is thought to increase stability in the swing as well as lead to
more accurate, powerful shots. Future work will be required to truly support or refute this
teaching point.
The Trail Elbow Flexion at Peak Backswing had a nearly significant association with
both Ball Carry and Clubhead Speed at Impact (p = 0.0741 and p = 0.0735, respectively).
Although not significant, this finding does not necessarily rule out Trail Elbow Flexion at
Peak Backswing as an influencer of performance. Much like Lead Elbow Flexion, future
work with increased sample sizes will be required to uncover the true significance of Trail
Elbow Flexion. However, if Trail Elbow Flexion at Peak Backswing is indeed significantly
associated with Ball Carry and Clubhead Speed at Impact, this would indicate that for every
degree increase in Trail Elbow Flexion at Peak Backswing above 127°, about 1.5 yards are
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lost on Ball Carry and Clubhead Speed at Impact decreases by 0.4mph. Unlike some of the
rotational variables of interest, such as Trunk Rotation at Address, X-Factor at Peak
Backswing, and X-Factor at Impact, Lead and Trail Elbow Flexion do not appear to have a
positive association with performance. In fact, too much elbow flexion may lead to
decreased performance in both Ball Carry and Clubhead Speed at Impact.

5.5 Comparison of Models
The focus of this work was on the rotational mechanics of the golf swing and its
relationship to performance. Two previous studies conducted in 2008 by Myers et al. and
Zheng et al. have used motion analysis to describe the rotational mechanics of the golf
swing. Myers et al. conducted a study looking at the relationship between ball velocity,
trunk rotation, pelvic rotation, and X-Factor [13]. In that study, researchers divided the
subject population into three groups based on ball velocity. A low ball velocity, medium ball
velocity, and high ball velocity group was defined. Analyses of swing kinematics were then
conducted based upon these three groups [13]. The current work did not divide the subject
population into groups based upon performance; therefore, only the kinematic data from
the medium ball velocity group was used for data comparison, as this represents the most
average performance of all golfers studied by Myers et al. In addition, Zheng et al.
conducted a study examining the differences in swing mechanics between PGA and LPGA
players [14]. The study focused not only on rotational mechanics but also on the mechanics
of the upper extremities, examining variables such as elbow flexion, horizontal shoulder
adduction, and wrist flexion [14]. Table 11 outlines a comparison of the kinematics found
in each study.
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Table 11: Comparison of Golf Kinematics across Studies
Results of
Current Work

Results of
Zheng et al.

Results of
Myers et al.

6±3

12 ± 6

N/A

-87 ± 14

-100 ± 8

-97 ± 20.2

Trunk Rotation at Impact (°)

18 ± 8

19 ± 10

22.8 ± 16.1

Pelvic Rotation at Address (°)

2±4

4±5

N/A

Pelvic Rotation at Peak
Backswing (°)

-41 ± 13

-42 ± 7

-47.5 ± 17.4

Pelvic Rotation at Impact (°)

48 ± 12

42 ± 12

35.3 ± 17.3

5±5

8±5

N/A

X-Factor at Peak Backswing (°)

-43 ± 5

-59 ± 7

-49.5 ± 9.6

X-Factor at Impact (°)

-28 ± 7

-23 ± 11

N/A

Lead Elbow Flexion at Peak
Backswing (°)

53 ± 17

56 ± 8

N/A

Lead Elbow Flexion at Impact (°)

34 ± 8

32 ± 6

N/A

127 ± 13

129 ± 8

N/A

55 ± 9

59 ± 11

N/A

76 ± 4

92 ± 5

N/A

15 ± 9

35 ± 6

N/A

36 ± 18

45 ± 11

N/A

6±7

24 ± 5

N/A

104.0 ± 9.9

76 ± 4

N/A

Variable of Interest
Trunk Rotation at Address (°)
Trunk Rotation at Peak
Backswing (°)

X-Factor at Address (°)

Trail Elbow Flexion at Peak
Backswing (°)
Trail Elbow Flexion at Impact (°)
Lead Shoulder AB/ADduction at
Peak Backswing (°)
Lead Shoulder AB/ADduction at
Impact (°)
Trail Shoulder AB/ADduction at
Peak Backswing (°)
Trail Shoulder AB/ADduction at
Impact (°)
Maximum Clubhead Speed
(mph)

Each of these studies used a unique model to calculate joint angles. The marker sets,
camera systems, and post-processing of the data varied from study to study. Additionally,
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the scope of each study was vastly different. The study by Myers et al. used an 8-camera, 10
marker system to look at X-Factor in 100 skilled golfers [13]. The study by Zheng et al. used
a 6-camera, 25 marker system to look at gender group differences in 50 professional
golfers [14]. The current work used a 12-camera, 47 marker system to study kinematics
and performance using 10 recreational golfers. Despite these differences, kinematic results
across all three studies compared well, including Trunk Rotation, Pelvic Rotation, X-Factor,
and Trail Elbow Flexion.
While Trunk Rotation at Address and Impact compared well, Trunk Rotation at Peak
Backswing was notably reduced in the current work. The increased skill level of the players
analyzed in the previous studies may explain this, as the current work did not require a
high skill level for participation. The largest discrepancies in the data involved the shoulder
kinematics. The shoulder is one of the most difficult joints to model because of its dynamic
range of motion and complex anatomy. In the current work, shoulder movements were
defined as flexion and extension in the sagittal plane, abduction and adduction in the
coronal plane, and internal and external rotation along the long axis of the humerus. In the
work by Zheng et al., shoulder movements were defined by horizontal adduction, external
rotation, and an arm-to-trunk angle [14]. Data based on the arm-to-trunk angle was used
for comparison, as it was most similar to the measurement of shoulder abduction defined
in this work. The shoulder angles were markedly decreased in the current work. This
difference may be explained by discrepancies in the definition of shoulder movement. Skill
level may also play a role, as the results of the current work have already shown that
increased lead shoulder adduction at Peak Backswing and Impact are positively associated
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with Ball Cary. Thus, it possible that the increased range of motion of the shoulder seen in
the work by Zheng et al. is the result of increased skill level of the subject population.
The last entry in Table 11 is a performance outcome—maximum clubhead speed.
The results of Zheng et al. showed much lower maximum clubhead speeds than the results
of the current work. This is surprising because the caliber of golfer analyzed by Zheng et al.
was higher than the caliber of golfer analyzed in the current work, yet the maximum
clubhead speeds were much lower. In addition, the PGA has reported an average clubhead
speed of greater than 112mph for all PGA Tour players each year for the past decade [29].
Clubhead Speed at Impact—which was the maximum clubhead speed by definition in this
work—from the current data (104.0 ± 9.9mph) makes more sense in the context of the PGA
reported clubhead velocities, as the subjects included in the current work are not PGA
caliber golfers. It is possible that the markedly reduced clubhead velocities reported by
Zheng et al. may be the result of restrictive laboratory conditions (players swung into a
hanging net). If so, this is a good example of the laboratory environment negatively
affecting swing mechanics and performance, highlighting the need make the laboratory
space as realistic as possible for subjects.

5.6 Strengths and Limitations
The laboratory setup for this work allowed for high quality data capture in a
realistic setting. The golf simulator served two purposes. First, it captured the data
required for the performance outcomes. Second, it provided a natural golf setting in an
indoor lab space. This is important in acclimating the subject to the lab space and helps to
promote a natural golf swing in an unnatural environment. Additionally, repeated
measures were taken for each subject, and up to five trials were analyzed per subject.
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Sample size remains one of the largest limitations of this study. Only 10 subjects
were analyzed, and some subjects were underrepresented in the data due to marker
occlusion; however, the statistical model used in this work accounted for this and adjusted
to ensure the most accurate result was obtained. The lack of significance in some variables,
particularly those close to the significance threshold of 0.05, may be explained by the small
sample size in this work. Future work will incorporate the data of additional golfers to
determine the significance of these variables.
A second limitation of this work was the reliance on retroreflective markers placed
on bony landmarks. Placement of these markers was crucial for accurate data collection,
and the placement should ideally be the same from subject to subject. Yet, proper
placement of the markers cannot always be achieved for a variety of reasons already
discussed. Human error can also lead to misplaced markers and reduced data accuracy. In
this work, obstructions from clothing and adipose tissue, in some cases, necessitated the
adjustment of the marker placement so that the markers could be seen and the subject
remained comfortable. Situations where markers continually fell off during the swing were
also an issue. After taking several practice swings on the simulator, it was not uncommon
for sweat to begin to accumulate on the skin of the subject. This caused markers to fall off
more easily, requiring more replacements and reducing the accuracy of the data.

5.7 Future Work
Increasing the number of subjects analyzed may confirm the significance of those
variables of interest falling just short of the significance threshold. To that end, despite
several significant (and insignificant) findings, the hypotheses presented in the beginning
of this work should continue to be investigated. Additional subjects should be analyzed to
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affirm the associations between the variables of interest and performance outcomes
defined in this work.
A full body marker set was used in this work to capture all movement during the
golf swing. Only a fraction of the variables generated were examined in this work, with
emphasis on the rotational components of the swing. Data for numerous additional
variables, including hip flexion, hip abduction and adduction, hip rotation, foot rotation,
foot attitude, head rotation, wrist flexion and extension, and wrist radial and ulnar
deviation has also been generated. Performance outcomes such as ball speed and launch
angle, which were generated by the simulator, may also prove useful in analyzing swing
mechanics. The significance of these additional variables will be examined through further
data analysis.
The data analysis need not stop at joint angles. Analysis of velocity and acceleration
throughout the swing is also an important avenue of golf research. The summation of
speeds principle states that faster movement of more distal segments should follow slower
movement of more proximal segments. This principle can be verified with the current data.
Joint angle accelerations can be calculated in Visual3D and plotted over the swing cycle. In
this way, the sequence of acceleration of body segments throughout the swing can be
analyzed. Additionally, maximum angular velocities of segments can be used as variables of
interest or potential performance indicators.
Only 10 subjects were used in this work, none of which were female. Going forward,
it will be useful to analyze a set of female golfers in order to compare the kinematics of
males and females. The work of Zheng et al. has addressed this need to an extent. However,
due to advances in biomechanical modeling and motion capture technology, it will be
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interesting to compare current results to previous results. In addition, the model designed
for this work is capable of handling right-handed players and left-handed players. By
chance, no left-handed players were included in this study. Most golf studies focus
exclusively on right-handed players because the vast majority of golfers are right-handed.
Examining the differences, if any, between the kinematics of right-handed and left-handed
players is an avenue for future research.
Lastly, the most golf analysis studies, including this one, focus on one club – the
driver. This makes sense because the driver is the largest club, hits the ball the furthest,
and is the most difficult club to hit accurately for many golfers. However, golfers don’t
swing the driver 72 times per round; rather, they rotate through fairway woods, hybrid
clubs, irons, wedges, and, of course, the putter. How, and if, swing mechanics change when
club selection changes is a largely unexplored avenue of golf research; future work will
address this gap.

Part 6 – Conclusion
A biomechanical model was created, validated, and used to describe the golf swing.
The validation of the model was performed on three fronts: a rigid mathematical validation,
a comparison to previous models, and careful visual inspection of the data. Kinematic data
was collected using optoelectronic motion capture and processed using Visual3D software,
which generated the variables of interest examined in this work. A kinematic description of
the golf swing was expressed through the variables of interest at four time points: Address,
Peak Backswing, Impact, and Follow Through. Additionally, all variables of interest were
plotted over the swing cycle to generate normal bands of kinematic swing data (Appendix
A). This provides visual representation of the biomechanical description completed in this
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study. Rotational and non-rotational variables of interest generated by the model were
studied. Several rotational variables including Trunk Rotation at Address, X-Factor at Peak
Backswing, and X-Factor at Impact, were found to be significantly associated with the
performance outcomes. Additionally, several non-rotation variables of interest were found
to be significantly associated with the performance outcomes, including Lead Shoulder
Adduction at Peak Backswing and Impact as well as Trail Shoulder Flexion at Impact.
This work presents the foundation for continued analysis of the golf swing. Future
efforts will build upon the current model in order to expand its capabilities, ultimately
improving understanding of the golf swing motion. Potential avenues include studying the
swing in both male and female golfers, analyzing velocity and acceleration data throughout
the swing cycle, and using motion capture to study irons and wedges in addition to the
driver. Ultimately, the goal of research is to effect change in a real world setting. The longterm goals of this project are to improve performance and prevent injury in an effort to
keep golfers playing their best for as long as possible.
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Appendix A
This appendix contains the normal bands of data generated from the Visual3D
pipeline. Each range of motion studied in this work is plotted from Address to Follow
Through. The kinematic data is normalized and plotted against % Swing Cycle. The thick
black line represents the mean for all 10 subjects and the gray band represents the
standard deviation. The first red line represents Peak Backswing and the second red line
represents Impact. In the final two plots (Clubface Angle of Attack and Clubhead
Progression), the single red line represents Impact.
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